Summary
Soil in a changing world is subject to both anthropogenic and environmental stressors. Soil 23 monitoring is essential to assess the magnitude of changes in soil variables and how they 24 affect ecosystem processes and human livelihoods. However, we cannot always be sure of 25 which sampling design is best for a given monitoring task.
26
We employed a rotational stratified simple random sampling (rotStRS) for the estimation of consistency between re-visited samples. We conclude that for our K s monitoring scheme, 38 repeated SRS is equally effective as rotStRS. Some problems of small-scale variability might 39 be overcome by collecting several samples at close range to reduce the effect of fine-scale 40 variation. Finally, we give recommendations on the key factors to consider when deciding 41 whether to use stratification and rotation in a soil monitoring scheme. reported to be more suitable than model-based approaches for the determination of the spatial 68 mean of an area and when only a small sample size is feasible (Brus & de Gruijter, 1993; 69 1997; Lark, 2009 However, an increase in efficiency depends on a substantial proportion of the variation of the 81 soil variable being accounted for by the stratification, resulting in smaller within-stratum 82 variances compared to the overall variance.
83
The aims of sampling and the options for design are more complex in the case of 84 monitoring. One key design decision is whether or not to re-visit some or all previously 85 sampled locations in order to form a set of direct observations of change between the two 86 sampling times. This approach is generally most efficient if the primary objective is to 87 estimate change (Lark, 2009 ). However, if we are also interested in the spatial means for each 88 sampling time, as in the present study, it may be advantageous to use a sampling design in 89 which only a proportion of the sampling locations is re-visited and some additional locations 
141
The sampling variance of the estimated spatial mean is given by
143 and the spatial variance is estimated by:
145 7
Stratified simple random sampling (StRS) with compact geographical stratification 147
The study area is divided into strata of equal size, random sampling is then done within the 148 strata. Equations are adapted from de Gruijter et al. (2006) .
149
For StRS the spatial mean can be estimated by
151
where ̅ is the sample mean in stratum h, is the number of strata and is the relative area 152 of stratum h.
153
The variance of ̅ can be estimated by
155 with ̅ being the estimated variance of ̅ calculated as follows:
Here is the sample size in stratum .
158
The spatial variance, that is to say the variance of the variable across the sampled area. can be estimated by
161 where is the estimated mean of the target variable squared. It is calculated in the same 162 way as ̅ , but using squared values of the target variable.
163
For comparisons between sampling designs we can calculate the variance of the sample 164 mean that we would obtain if we would sample applying SRS with the same total sample size,
167
where the breve accent on indicates that this variance is based on the estimate of the sample 168 mean, and is not itself a design-based variance for a mean from a simple random sample. 
181
(2006), page 226ff.
182
The spatial mean for the second sampling time is estimated by the composite estimator
184
The second component of this estimator, ̅ , is the -estimator for the mean of estimated sample at the second sampling time, calculated according to Equation (7).
204
Finally, the variance of the composite estimator is estimated by 205 ̅ . Republic of Panama), and mean daily temperature varies little throughout the year, averaging 227 27 °C (Dietrich et al., 1996) .
228
Land use in the area varies over short spatial and temporal scales and includes pastures, The re-sampling of points in the matched set in any year took place within a maximum set for each catchment and depth which satisfied the conditions for both rotStRS and StRS.
307
Third, we examined the benefits of stratification by comparing the spatial variance of the 308 first-year StRS according to Equation (7) with a pooled within-stratum variance based on 309 Equation (6), calculated as follows:
311
where is the total sample size and is the number of strata. We then assessed the benefits cm depth also showed an increase, but this was smaller.
331

Comparison of the different sampling designs
332
We assessed the efficiency of the different sampling designs by comparing the resulting as the confidence intervals for SRS and rotStRS were slightly wider than for StRS. 
347
The rotational sampling is dependent on the regression of matched samples in consecutive 
364
In the teak catchment any differences were small relative to the confidence intervals 365 (Figure 3) . The variation between the three years was probably also attributable to the rapid 366 transformation of land cover, as here the formerly shrubby and diverse vegetation was 367 removed for the teak plantation.
368
The catchment under secondary succession did not suffer from these severe changes; pooled within-stratum variance (see Table 1 ). As noted above, the benefits of stratification are 381 seen when the strata are internally uniform with regard to the target soil variable and most of 382 the variation is seen between the strata. For K s these differences could result from land cover 383 or marked changes in soil type. In our catchments, however, land cover and soil type were 384 relatively uniform; consequently, we divided the catchment into compact geographical strata.
385
This type of stratification may nonetheless be beneficial, but only if the target soil variable 
403
The regression estimator will have advantages over alternatives estimating the spatial mean The Agua Salud Project (ASP), in which this study was undertaken, is a collaboration among Secondary succession 0-6 11.4 9
Native species 6-12 13.8 9.9
Teak 6-12 17.7 18.7
Secondary succession 6-12 7.8 6.5
